Single-molecule manipulation studies have revealed that doublestranded DNA undergoes a structural transition when subjected to tension. At forces that depend on the attachment geometry of the DNA (65 pN or 110 pN) , it elongates Ϸ1.7-fold and its elastic properties change dramatically. The nature of this overstretched DNA has been under debate. In one model, the DNA cooperatively unwinds, while base pairing remains intact. In a competing model, the hydrogen bonds between base pairs break and two single DNA strands are formed, comparable to thermal DNA melting. Here, we resolve the structural basis of DNA overstretching using a combination of fluorescence microscopy, optical tweezers, and microfluidics. In DNA molecules undergoing the transition, we visualize double-and single-stranded segments using specific fluorescent labels. Our data directly demonstrate that overstretching comprises a gradual conversion from double-stranded to singlestranded DNA, irrespective of the attachment geometry. We found that these conversions favorably initiate from nicks or free DNA ends. These discontinuities in the phosphodiester backbone serve as energetically favorable nucleation points for melting. When both DNA strands are intact and no nicks or free ends are present, the overstretching force increases from 65 to 110 pN and melting initiates throughout the molecule, comparable to thermal melting. These results provide unique insights in the thermodynamics of DNA and DNA-protein interactions.
T he elastic properties of DNA affect a wide variety of cellular processes, such as protein-induced DNA bending, twisting, or looping, but also genome compaction. Ever since the first single-molecule stretching experiments were performed on double-stranded DNA (dsDNA) (1), many efforts have been made to understand its elastic behavior. A striking feature of dsDNA elasticity is the overstretching (OS) transition: at forces of around 65 pN, DNA gains about 70% of contour length, while the force only increases slightly (Fig. 1A) (2, 3) . A similar transition is observed when the DNA is torsionally constrained (4, 5) , then occurring at a force of around 110 pN (Fig. 1B) . Two qualitatively different models have been put forward for the molecular mechanism of the overstretching transition. The first one assumes that it comprises a gradual conversion to a doublestranded conformation, structurally different from Watson and Crick's B-DNA (6), named S-DNA (3). The structure of S-DNA is usually depicted as a partially unwound ladder with base pairing intact (Fig. 1C ). The second model assumes forceinduced melting, causing the hydrogen bonds between the two strands to gradually break, yielding single-stranded DNA (ssDNA) similar to thermal melting (7, 8) . This latter interpretation is supported by molecular dynamics simulations (9) and thermodynamic modeling (10) , explaining dependencies on pH, salt, temperature (7, 8, 11, 12) , and ssDNA-specific ligands (13) (14) (15) . However, four major arguments have been put forward against the force-induced melting interpretation. First, it has been observed that the two DNA strands do not immediately separate when pulled beyond the OS transition at 65 pN (see Fig.  1 A) (2) . Second, using similar DNA constructs, experiments at higher forces have revealed an additional transition at 150 to 300 pN, resulting in strand separation (16) . Therefore, it was concluded that no melting occurs in the first transition at 65 pN (16) . Third, the elastic properties of DNA beyond the 65 pN OS transition appear to differ from ssDNA (17) . Fourth, studies of torsionally constrained DNA suggested that S-DNA has a helicity of Ϸ35 base pairs per turn (4, 5) . Unambiguous discrimination between the two models would require direct visualization of the structure of DNA during overstretching.
Results
To visualize the structural changes of an individual DNA undergoing the overstretching transition, we used a combination of optical tweezers, fluorescence microscopy, and microfluidics (18). Using two optically trapped microspheres linked to the ends of a double-stranded DNA, we hold and extend the molecule. In our initial set of experiments, focusing on the overstretching transition occuring at 65 pN, we use lambda DNA that is linked to the microspheres with one of the strands on either side of the DNA (designated 3Ј-3Ј attached DNA) (see Fig. 1 A) . We set out to specifically visualize these double-stranded DNA segments by transferring the overstretched DNA to a channel in our microfluidic flow chamber containing YOYO, a dsDNA-specific dye (19) . To prevent YOYO from influencing the overstretching transition, we kept the incubation time to the minimum required for visualization, resulting in at most one dye per 500 base pairs [see supporting information (SI) Fig. S1 ]. Furthermore, each individual DNA was used for one measurement only and then discarded. Fig. 2a shows fluorescence images of six different DNA molecules extended as indicated and then exposed to YOYO. At extensions L up to the contour length L 0 , the molecule is stained along its full length (image 1). In contrast, at extensions beyond the contour length (i.e., Author contributions: G.J.L.W. and E.J.G.P. designed research; J.v.M., P.G., and P.H. performed research; G.F., M.M., and M.F. contributed new reagents/analytic tools; J.v.M. and P.G. analyzed data; and J.v.M., P.G., G.J.L.W., and E.J.G.P. wrote the paper.
in the OS transition), only a discrete fraction of the molecule is stained (images 2-6). This result indicates that overstretching at 65 pN involves a gradual conversion of double-stranded B-DNA into a conformation to which YOYO cannot bind. This behavior was observed for monovalent salt concentrations from Ͻ5 mM to 150 mM, at which similar images and force-extension curves were obtained. Interestingly, the regions at the extremities, close to the beads, remained unstained. Hence, we conclude that for the 3Ј-3Ј attached DNA construct, the ends of dsDNA are favorable nucleation points for the transition. In a few cases, an additional unlabeled segment between two labeled dsDNA segments was observed (e.g., image 3), which may imply overstretching initiated here from a nick, a break in one of the two DNA strands. Image 6 was taken beyond the OS transition at a force of 80 pN and, strikingly, it still contained a short segment that was labeled. Apparently, some dsDNA is still present beyond the transition. We further analyzed the images by calculating the relative amount of base pairs that were still in a dsDNA conformation, for each extension (see Fig. 2B ). For comparison, the expected behavior of a first-order phase transition is shown: a linear decrease of the dsDNA fraction (dashed line) (20) . The data lie close to this line, implying that the YOYO-labeled fraction is a largely continuous double-stranded segment. If local overstretched patches, too small to be optically resolved, would be present, one would have expected an overestimation of the dsDNA fraction, which is not apparent from Fig. 2B . Taken together, our data reveal that the overstretching transition at 65 pN, observed for the 3Ј-3Ј attached DNA construct, is processive and initiates from DNA ends.
Labeling overstretched DNA with YOYO alone does not allow discrimination between ssDNA and S-DNA. To test whether ssDNA is actually generated, we incubated overstretched DNA with Alexa-555-labeled human mitochondrial single-stranded DNA-binding proteins (mtSSB), which binds with high specificity to ssDNA (21) . First, we confirmed that mtSSB does not affect the OS-transition (Fig. S2 ), similar to the related bacteriophage T4 gene 32 protein (13, 14, 22) . Next, we recorded fluorescence images of overstretched 3Ј-3Ј attached DNA, incubated with mtSSB. Fig. 3A shows that binding of mtSSB results in the appearance of two isolated fluorescent spots. We interpret that these spots are caused by mtSSB bound to relaxed, melted ssDNA, which has a radius of gyration on the order of the diffraction limit for the DNA lengths involved here (23) . When the DNA is extended further, the intensity of the fluorescent spots increases (Fig. 3 A and B) . We assign this increase to the binding of more and more mtSSB to relaxed ssDNA at the interface between dsDNA and ssDNA. From these observations for 3Ј-3Ј attached DNA, two conclusions can be drawn right away. First, during the overstretching transition at 65 pN ssDNA is formed, which is incompatible with the S-DNA model for overstretching. Second, mtSSB does not bind to the partially melted strand that is under tension, as depicted in Fig.  3C . We independently determined that mtSSB cannot bind to ssDNA under tensions exceeding Ϸ40 pN, consistent with the wrapped binding mode of mtSSB (24) . We next calculated the relative amount of dsDNA from the distance between the spots in these images. The inset in Fig. 3B shows that our data are consistent with the double-stranded fraction of DNA decreasing linearly with relative extension, analogous to the results obtained with YOYO labeling (see Fig. 2 ).
To find out how the results with YOYO and mtSSB relate, we performed two-color fluorescence measurements using both fluorescent markers. We partly overstretched 3Ј-3Ј attached DNA in the presence of mtSSB (as in Fig. 3A ) and subsequently exposed it to a buffer containing YOYO, while keeping the extension fixed (see, for example, Fig. 2 A) . Fig. 4 A and B show two fluorescence images of two different DNA molecules, obtained by exciting Alexa555-mtSSB or YOYO, respectively. The mtSSB spots, indicating partly melted ssDNA, coincide with the edges of a YOYO-labeled dsDNA segment (white arrows in Fig. 4 A and B) . Fig. 4B shows a molecule in which the OS transition nucleated not only at its extremities, as in Fig. 3C , but also from nicks in the dsDNA. If the central, nonstained segment shown in Fig. 4B were nick-free, both single-stranded DNA strands would be under high tension and no ssDNA would accumulate at the transition interface. As a final confirmation, we performed two-color fluorescence experiments using a different set of probes: the bis-intercalating dye POPO-3 as dsDNA label and eGFP-tagged Replication Protein A (RPA) as ssDNA label. In contrast to mtSSB, RPA binds to ssDNA without wrapping it (25) . Consequently, we inferred that it would bind to both relaxed and stretched ssDNA. In independent experiments we confirmed that RPA binds to ssDNA at forces up to at least 70 pN. In two-color fluorescence images (see Fig. 4C ) of partly overstretched POPO-3 and RPA-labeled 3Ј-3Ј attached DNA, three regions can be discerned: (i) a dsDNA region where only POPO-3 binds is flanked by (ii) two bright spots of RPA bound to relaxed ssDNA strands, which are in turn flanked by (iii) regions of RPA-bound, stretched ssDNA connected to the beads. This third region, ssDNA under tension, was not observed in the mtSSB experiments (see Fig. 4 A and B) . To confirm that the fluorescent spots at the ssDNA-dsDNA interface indeed correspond to relaxed ssDNA, we used our microfluidic device to apply a gentle flow perpendicular to the overstretched DNA. As can be seen in Fig. 4D , the fluorescent spot is stretched out along the flow direction, as expected for a relaxed piece of ssDNA. These experimental results show that the OS transition, occurring at 65 pN for 3Ј-3Ј attached DNA, is a force-induced melting transition that nucleates from free ends or nicks.
To study the molecular mechanism of the overstretching transition in the absence of such favorable nucleation points, we designed a DNA construct that was linked to the beads via both strands on either side (designated 3Ј5Ј-5Ј3Ј attached DNA) (see Fig. 1B ). We found that the overstretching plateau for this construct occurs at substantially higher forces, Ϸ110 pN (see Fig.  1B ), in agreement with previous studies using similarly attached DNA constructs (4). Exposing 3Ј5Ј-5Ј3Ј attached DNA to a buffer containing RPA did not result in binding of RPA at tensions below the overstretching force of 110 pN (Fig. 5A) . Homogeneous RPA binding was, however, clearly observed at forces above 110 pN (see Fig. 5A ), indicating that ssDNA is generated. In contrast to the 3Ј-3Ј attached DNA (see Fig. 4 ), where binding of RPA resulted in three clearly distinguishable regions on the DNA, spatial separation in distinct regions was far less clear at a tension of 110 pN, within the overstretching transition (Fig. 5B) . For the 3Ј5Ј-5Ј3Ј attached DNA construct, it appears that nucleation of force-induced melting occurs throughout the DNA molecule. This result was confirmed by subsequent exposure of RPA-labeled, overstretched DNA to POPO-3 to visualize dsDNA (see Fig. 5B ). In these experiments, regions of dsDNA were resolved throughout the DNA molecule. The intensity distribution of POPO-3 along the DNA molecule appeared to be anticorrelated with that of RPA, suggesting spatial separation of regions of ssDNA and dsDNA. However, this spatial separation cannot be totally resolved because of the limited resolution of our instrument (Ϸ250 nm, 750 bp). In some cases, one of the attachments between the beads and the 3Ј5Ј-5Ј3Ј DNA broke during the overstretching experiments. This resulted in a sharp drop in the force from 110 to 65 pN (Fig.  S3 ). Subsequent fluorescent labeling showed that, after rupture, melting nucleated from the broken end, as expected from our results on 3Ј-3Ј attached DNA. Taken together, these experimental results, using a combination of multicolor fluorescence imaging, optical tweezers, and microfluidics, demonstrate directly that the OS transition, which occurs at 110 pN for 3Ј5Ј-5Ј3Ј attached DNA, is a force-induced melting transition that nucleates throughout the DNA molecule.
Discussion
Our experiments have confirmed the dependence of the elastic behavior of DNA on the details of its terminal attachment (4): the overstretching transition occurs at different forces, depending on whether a nick or free end is available (3Ј-3Ј attached DNA) or not (3Ј5Ј-5Ј3Ј attached DNA). We probed the structure of DNA in the overstretching transition by taking snapshots after applying specific single-stranded and double-stranded DNA probes. For both attachment geometries, the experiments demonstrated the occurrence of ssDNA, confirming that DNA gradually melts during the overstretching transition.
In our experiments on the overstretching transition at 65 pN of 3Ј-3Ј attached DNA, we observed that overstretching initiates at the extremities of the DNA. On each DNA end, only one of the strands of the double helix is attached to the microsphere, such that each strand is attached to only one bead. Apparently dsDNA extremities form a favorable nucleation point: in other words, the overstretching transition at 65 pN is cooperative force-induced fraying (26) . In some cases, we observed additional nucleation within a DNA molecule (see Fig. 2 A image 3, and Fig. 4B ). Our experiments combining YOYO and mtSSB staining (see Fig. 4B ) revealed that this is caused by singlestranded nicks. The remarkable processivity of overstretching we observed along the heterogeneous sequence of thousands of base pairs has not been anticipated in earlier studies, where overstretching was suggested to initiate in small AT-rich domains throughout the DNA molecule (8, 10, 27) . Our observations rule out the large-scale occurrence of such interior single-stranded melting ''bubbles'' when a free end is available for nucleation. Apparently, the energy penalty for a new nucleation bubble is larger than a gradual progress of the melting front from the ends or from a nick, regardless of the sequence. This can be understood by realizing that melting at these locations allows one of the newly formed ssDNA strands to relax and release elastic energy.
The situation is quite different for 3Ј5Ј-5Ј3Ј attached DNA, which lacks energetically preferred nucleation points on DNA ends. For this DNA, the nucleation of force-induced melting more closely resembles thermal melting (see Fig. 5B ), which was found to initiate predominantly from small, interior (AT-rich) regions (28) . Indeed, we show that RPA and POPO-3 bind throughout the overstretched DNA (see Fig. 5B ). In addition, we measured that the 3Ј5Ј-5Ј3Ј attached DNA overstretches at forces of 110 pN, in agreement with previous studies on torsionally and end-constrained DNA (4) . Notably, when the DNA is fully overstretched (see Fig. 5A, Right) , RPA binds homogeneously along the DNA, in contrast to earlier predictions that the structure of fully overstretched torsionally constrained DNA is biphasic to conserve the linking number (29) . The most straightforward explanation of homogeneous RPA binding is that the new structure, generated during overstretching at 110 pN, consists of two single DNA strands lacking hydrogen bonds between the bases, wrapped around each other with a linking number close to that of relaxed dsDNA. In line with this hypothesis, one could speculate that the DNA structure with one turn per Ϸ35 bases that is obtained when underwound torsionally constrained DNA was stretched to Ϸ50 pN (4), is also composed of two melted and wrapped ssDNA strands. To resolve how these experiments relate to our findings, further studies that combine fluorescence imaging, force control, and torsional control of the DNA will be required.
As mentioned in the introduction, an argument against the interpretation of force-induced melting for 3Ј-3Ј attached DNA molecules has been the reported stability of DNA beyond the transition at 65 pN. Our approach of direct visualization yielded a surprising observation that allows us to straightforwardly explain this paradox. As seen in image 6 of Fig. 2 A, at forces beyond the overstretching transition, a small, transiently stable YOYO-labeled and thus double-stranded segment remains. We hypothesize that the mechanism of overstretching is qualitatively similar to mechanical DNA unzipping, where DNA is melted by pulling apart the two strands on one side of a dsDNA (29) . In these experiments, it was demonstrated that the energy to open the DNA duplex increases with the decrease of the stiffness of the construct. The same takes place during the overstretching transition because of the increasing fraction of softer ssDNA. Apparently, it takes more time to overcome the higher energy barriers to melt the last hundreds of base pairs and the transition is no longer in equilibrium on experimental time scales (17) . This can explain why the DNA molecule can at least transiently remain intact at forces above 65 pN. A similar conclusion was drawn from thermodynamic modeling (10) , which indicated that the DNA is held together by several small dsDNA regions. Interestingly, however, we find that only a single nonmelted region keeps the DNA strands connected. This region appears to be consistently positioned asymmetrically along the molecule (rather than in the center), which might suggest that the GC-rich half of lambda DNA (2) is the last part to melt, as expected. In accordance with a small dsDNA stretch remaining, the elastic properties of DNA beyond the OS-transition can be described by a linear combination of ssDNA and a single, slowly vanishing fraction of dsDNA, indicating out-of-equilibrium behavior (Fig. S4) .
In conclusion, we have unveiled that, independent of the details of strand attachment, DNA overstretching unambiguously comprises a gradual conversion of dsDNA to ssDNA. We directly visualized dsDNA using intercalating dyes and ssDNA using single-stranded binding proteins, concurrent with forceextension measurements. Our interpretation therefore does not rely on thermodynamic, mechano-chemical or other models and assumptions. Moreover, the insensitivity of the observed forceinduced melting to ionic strength leads us to conclude that the generic process governing the OS transition is the melting of base pairs. We anticipate that our results will provide a basis for the fundamental understanding of the thermodynamics of DNA and DNA-protein interactions.
Materials and Methods
The combined fluorescence and dual-beam optical trapping instrument was adapted from the one described previously (18). Enhancements made to the fluorescence excitation and imaging are described here. For fluorescence excitation of either YOYO or Alexa-555, the linearly polarized light of a 473-nm laser (Cobolt Blues, 25 mW cw, Cobolt AB) or 532-nm laser (GCL-025-L, 25 mW cw, Crystalaser), respectively, was decollimated for widefield excitation and coupled into the microscope using a dichroic mirror [DM3: z473rdc (YOYO), z532rdc (Alexa-555), or z488/532/633rdc (triple-band), Chroma]. Fluorescence was band-pass filtered [EM1: hq540/80m-2p (YOYO), hq575/50m (Alexa-555), or z488/532/633m (triple-band), Chroma] and imaged onto a sensitive electron multiplying CCD camera (EM-CCD: Cascade 512B, Princeton Instruments). Camera readout was externally triggered using a transistortransistor logic signal for time-lapsed data acquisition. A custom-built flow cell with multiple parallel, laminar channels (30) was used for swift buffer exchange.
To generate the DNA construct with biotin labels on one of the strands on either side of the DNA (3Ј-3Ј attached DNA), we used a protocol to terminally label lambda DNA, as previously described (30, 31) . The DNA construct that possesses biotin-labels at both strands on either end (3Ј5Ј-5Ј3Ј attached DNA) was generated as follows. First, a 3Ј overhang was introduced into the 8,393-bp plasmid pKYB1. Biotin-labled oligos (29 nt) were ligated to both ends, yielding a DNA construct with biotinylated 5Ј overhangs on both ends. Both 3Ј ends where biotin-labeled by incorporation of biotinylated dATPs (NEB) along with unlabeled nucleotides, by Klenow exo -DNA polymerase. YOYO (YOYO-1) and POPO (and POPO-3) were purchased from Molecular Probes. For fluorescent labeling of human mitochondrial single-stranded DNA-binding protein, a cysteine residue was introduced at the C-terminal end by PCR. The PCR fragment was cloned into pBacPAK9 and used to generate recombinant Autographa californica nuclear polyhedrosis virus (BacPAK, Clontech). The protein was expressed in Spodoptera frugiperda (Sf9) cells and purified as previously described (32) , with an additional purification step (before the hydroxyapatite column) using a 1-ml HiTrap SP column (GE Healthcare). The purified mtSSB cysteine variant was stored in 10 mM KPO4 pH 7.2, 0.1 M NaCl and 10% glycerol, and labeled with maleimide Alexa-555 dye (Molecular Probes). Unreacted dye was removed from the sample with sizeexclusion spin-columns (Sephadex G-25, GE Healthcare).
To obtain fluorescent RPA, a DNA fragment encoding a polyhistidinetagged variant of the enhanced GFP (eGFP) was inserted in a frame at the 3Ј end of the cDNA encoding the large subunit of human RPA in the expression plasmid p11d-tRPA (33) . Fluorescent hRPA-eGFP was produced in Escherichia coli and purified by chromatography through a Histrap FF column followed by chromatography through Hitrap SP HP and Hitrap Q HP columns (GE Healthcare Life Science). The protein, in 200 mM KCl, 20 mM Tris pH 7.5, 1 mM DTT, 0.5 mM EDTA and 10% glycerol, was snap frozen in liquid nitrogen and stored at -80°C. The eGFP tagged hRPA bound ⌽X174 ssDNA with the same affinity as untagged hRPA.
DNA molecules were captured between two optically trapped beads (1.87 m streptavidin-coated polystyrene beads, Spherotech) using the multichannel laminar flow cell and stretched by increasing the distance between the optical traps. Fluorescence and force-extension data were recorded in a synchronized manner. For experiments involving YOYO labeling, we first partially overstretched DNA in a buffer without YOYO, before exposing it to a YOYO-containing buffer by a rapid and complete buffer exchange (Ϸ0.5 sec). This ensured that the progress of the phase transition itself cannot be influenced. During this buffer exchange, fluorescence was recorded. Every partly overstretched DNA molecule was exposed to a 10-mM Tris buffer (pH 7.4 -7.8) containing 10 -50 nM YOYO and either 5, 50, or 150 mM NaCl, while fluorescence was recorded. Measurements of the labeled fraction were performed only on the first few frames where YOYO appeared. Control experiments showed that after prolonged exposure to YOYO the dsDNA length increases slightly under our experimental conditions, but that this effect is negligible initially, when the labeling is already bright enough for highresolution imaging (see Fig. S1 ). From the small initial tension drop caused by van YOYO-induced lengthening (34) we estimate that in this case the dye:basepair ratio does not exceed 1:500. DNA molecules were always discarded after being exposed to YOYO. All stretching experiments were performed in a 10-mM Tris buffer (pH 7.4 -7.8) containing 50 mM NaCl. For experiments with Alexa-555 labeled mtSSB, a protein concentration of 50 nM was used. Fluorescence snapshots were taken in a flow channel without mtSSB to avoid background fluorescence caused by unbound protein. For two-color experiments, mtSSB-labeled DNA molecules were briefly exposed to a 10-nM YOYO buffer. Alternatively, we used eGFP-labeled RPA (20 nM) to label ssDNA segments of an overstretched DNA molecule (both, the 3Ј-3Ј attached DNA and the 3Ј5Ј-5Ј3Ј attached DNA), followed by exposure to a 50 to 70 nM POPO solution to label dsDNA segments. To extend frayed ssDNA segments for the 3Ј-3Ј attached DNA, we then imposed a lateral flow to the DNA. 
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